The presentation and the evaluation of an educational tool based on a haptic interface used to teach physical phenomena at a nanometer scale are the central objectives of the present work. This haptic interface has also allowed characterising nonconventional samples illustrated through an experience when students shake the Drosophilae leg.
Introduction
New methods of teaching and experimenting nanophysics are needed to make the nanoworld phenomena understandable to a large number of students. In order to underline the principle of nanoscale interactions we have linked a multisensorial platform to an Atomic Force Microscope (AFM). Thus, a student is immersed in the nanoscene through a real-time modelling station equipped with a modular gestural device [1] , the visual and auditory scene being generated in accordance to the dynamics of the phenomena. He/she is present in the interaction since he/she can act on scene and perceives the nano-scale effects through the main sensorial channels: haptic, vision, audition.
Design of the educational platform
The real-time modelling station placed between the AFM and the force feedback device assures the synchronized data flow (3kHz frequency in reactive mode) between the experimentalist and the nanoworld but, the most important, it assures the support for implementing multisensory metaphors defining the active visual and auditory displays [2] . The real-time modeling engine runs on the fundamental principles of physical-based simulation. The formalism, called Cordis-Anima [3] is based on two basic modules from which any mesh structure can be created: a module representing a pin-point mass, and another that sends two opposite forces, according to action-reaction principle. By modifying the parameters of each element: mass, spring constant, viscosity, a wide spectrum of real phenomena can be designed.
The nanomanipulator viewed as an entity is a complex and new dynamical system. As the dynamics of the haptic system mainly influence the nanomanipulator dynamical performances, some minimal criteria have to be satisfied. The signal bandwidth is 1.5 kHz to ensure an accurate rendering of the contact with a very stiff object, at a mechanical level of human perception. The latency defined as the delay between the produced signal and the feedback signal as the instrument transmits it is, in our case, 0.33 ms, the duration of one sampling interval. 
Results
40 students in Physics, master level, from the University of Grenoble have chosen a course in nanophysics. This course includes a practical work of three hours on AFM where they have to study the approach-retract phenomenon. On this purpose, two groups of 20 students have been constituted. By couples, students of the first group studied the phenomenon using a classical commercial AFM with no haptic interface while the second group studied it using multisensorial interface. After the practical work, each couple of students had to write a report where they described and explained the phenomenon of the approach-retract.
Real nano-scene manipulations
In the aim of teaching physical phenomena nonaccessible by our senses as the cohesive interaction between nano-objects, a three steps methodology is proposed.
A first step of a complete nanomanipulation is their training on virtual models. This will allow students creating a multi-sensory environment for testing virtual nanomanipulations. Thus, according to the specific manipulation, the experimentalist can use either a key of a piano-keyboard that offers the same up-and-down movements as the AFM tip during an approach-retract interaction or a joystick. He/she feels the involved forces, sees the dynamic of the interaction, and hears the sound that is captured at the atomic layer of the surface.
Once the student accommodates the functional modes of the real-time modelling station and the use of the force feedback, he/she comes to the real nanomanipulation. The AFM is introduced in the instrumental chain with all its complex scenes.
As a third step of the experimental procedure, the students disconnect the AFM from the platform and experienced other similar interactions by working on the virtual nano-scene model parameters. Changing the cantilever stiffness, the surface elasticity or the interaction thresholds they acquire reach information through real feelings on different interactions and their effects, like what is happening if a soft cantilever is used to explore a soft or a very rigid surface.
The students who have used the multisensorial platform have described more efficiently and with more details the approach-retract phenomenon proving that they had a better understanding of this physical phenomenon. The use of this platform not only improves the learning of nanophysics but also allows the characterisation of non-conventional samples in real time, as illustrated in the following experiment when students shake the Drosophilae leg.
Interaction with Drosophilae l e g through force feedback device
During an educational project on MEMS -Micro Electro Mechanical System, master students had to find a way to characterize Drosophilae leg reaction to an external stimulation. The idea was to use a specific AFM probe to interact with the end of the fly leg and to adapt and control in real time the foot-tip interaction (Fig. 2) .
A first attempt has been done using an AFM with a classical interface. Due to the lack of real time feedback and control, several force curves have been neecessary to determine all the reaction panel of the leg to several kind of mechanical stimulation.
Fig. 2 Setup for interacting with Drosophilae foot
In comparison, using the multisensory platform allowed feeling and reacting continuously to the force variation for different types of mechanical stimulation and minimizing the risk of leg alteration.
Thanks to these capabilities, it has been revealed straightforward and without analyzing force curves in detail that the leg presents an elastic behaviour for all the tested types of mechanical stimulation.
Conclusions
The works presented in this paper shows two main improvements in the learning process and in practical skills acquired by students.
(1) In comparison with a classical AFM interface, using a multisensorial platform equipped with a physically-based modelling engine, which works in real-time, improves the understanding of a physical complex phenomenon of approach-retract nanopalpating effect represented by a non-linear hysteretic force curve.
(2) Thanks to this platform, students were able to interact with non-conventional samples (Drosophilae leg) and to feel their rheological properties (elasticity, viscosity, plasticity, etc.), this type of manipulation being not successfully performed with a classical AFM. This experience opens a way to observe and characterise reactive samples at nanometer scale.
